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Unsteady compressible ﬂows resulting from the incomplete burst of the shock tube
diaphragm are investigated both experimentally and numerically for diﬀerent initial
pressure ratios and opening diameters. The intensity of the shock wave is found
to be lower than that corresponding to a complete opening. A heuristic relation is
proposed to compute the shock strength as a function of the relative area of the
open portion of the diaphragm. Strong pressure oscillations past the shock front are
also observed. These multi-dimensional disturbances are generated when the initially
normal shock wave diﬀracts from the diaphragm edges and reﬂects on the shock
tube walls, resulting in a complex unsteady ﬂow ﬁeld behind the leading shock wave.
The limiting local frequency of the pressure oscillations is found to be very close to the
ratio of acoustic wave speed in the perturbed region to the shock tube diameter. The
power associated with these pressure oscillations decreases with increasing distance
from the diaphragm since the diﬀracted and reﬂected shocks partially coalesce into
a single normal shock front. A simple analytical model is devised to explain the
reduction of the local frequency of the disturbances as the distance from the leading
shock increases.
1. Introduction
The imperfect burst of a shock tube diaphragm results in multi-dimensional
disturbances that can signiﬁcantly modify the ﬂow ﬁeld predicted by the ideal one-
dimensional theory (see e.g. Rothkopf & Low 1974; Hickman, Farrar & Kyser 1975).
For example, the ﬁnite diaphragm opening time has long since been demonstrated
to locally accelerate the shock wave to speeds higher than those predicted by the
one-dimensional theory, in the case of the very strong shocks studied by White (1958),
Alpher & White (1958) and Petrie-Repar & Jacobs (1998). Non-ideal behaviour in
shock tubes, including the inﬂuence of the viscous boundary layer on the shock
propagation (see Mirels 1963; Mirels & Mullen 1964) and high-temperature chemical
eﬀects (see e.g. Gaydon & Hurle 1963), has also been investigated in detail during the
past century (see Glass & Sislian 1994 for a review).
A peculiar behaviour is observed in the case of shock tube experiments in which
the propagating shock wave is very weak. Owing to the small pressure diﬀerence
across the diaphragm and the low total pressure behind the shock, i.e. of the ﬂow
through the diaphragm section, a complete opening is seldom attained. Persico,
Gaetani & Guardone (2005) investigated post-shock disturbances due to the imperfect
burst of the shock tube diaphragm in connection with the dynamic calibration
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of fast-response pressure probes. For the calibration procedure, a weak shock
wave – with a pressure step of about 0.3 bar – was used as the input signal to
determine the transfer function of the probe. Multi-dimensional disturbances caused
by the partial rupture of the diaphragm were reported and discussed, resulting in
both post-shock pressure oscillations (with amplitude as large as 10% of the shock
strength) and in a signiﬁcant reduction of the shock intensity (as much as 30% in
nominal conditions). Departure from ideality is also clearly present in other shock
tube facilities for probe calibration (see e.g. Ainsworth & Allen 1990; Gossweiler,
Humm & Kupferschmied 1990; Paniagua & De´nos 2002). Fergason, Guardone &
Argrow (2003) and Guardone (2007) reported similar ﬁgures for a dense gas shock
tube experiment, where the partial opening of the shock tube diaphragm was observed
owing to the small pressure diﬀerence across the diaphragm. Note that in this kind
of experiment, the inﬂuence of the boundary layer behind the shock wave is usually
negligible, shock waves being almost acoustic waves propagating in a still ﬂuid (see
e.g. Glass & Sislian 1994).
In the present paper, the multi-dimensional unsteady ﬂow ﬁeld resulting from
the incomplete burst of the diaphragm is studied. Both experimental and numerical
studies are carried out to investigate multi-dimensional disturbances close to the
diaphragm location as well as signiﬁcantly downstream of it, where measurements
are usually performed.
This paper is structured as follows. In §2, the experimental set-up is brieﬂy
described. The diaphragm opening behaviour is studied by means of high-speed
camera recordings. In §3, the ﬂow ﬁeld close to the diaphragm is studied by means of
total pressure measurements along the tube axis and of numerical simulations. The
latter are then used to provide an explanation of the origin of post-shock disturbances.
In §4, the ﬂow ﬁeld far from the diaphragm section is analysed. In particular, in §4.1,
the intensity of the leading shock wave is discussed. In §4.2, post-shock disturbances
are studied. A time-frequency analysis is performed and a simple wave propagation
model is also proposed to explain the evolution of the local frequency of the pressure
oscillations. The amplitude of the pressure oscillations along the tube is measured
and its dependence on the axial distance from the diaphragm and on the dimension
of the diaphragm opened section is studied. A commentary on the results concludes
the paper in §5.
2. Experimental set-up
The experimental investigations are carried out in a open-ended shock tube with
circular cross-sectional area.g The shock tube has an internal diameter D of 80 mm
and a thickness of 5 mm and it is made of Plexiglas to allow for continuous optical
access. The tube is divided into two sections separated by the diaphragm: the closed
1500 mm long high-pressure section; and the low-pressure section, whose length is
5000 mm. The low-pressure section of the shock tube is open to the laboratory
(ambient) pressure Pa . The shock tube length has been chosen to allow for a relatively
long time span (about 7 ms at 3000 mm from the diaphragm) of constant ﬂow between
the passage of the shock wave and the arrival of the rarefaction wave that has been
reﬂected from the closed end of the tube.
Total pressure signals along the tube axis are measured by means of a fast-
response miniaturized pressure probe to provide high time-resolution and minimize
probe intrusiveness. Oﬀ-axis measurements have not been performed because of the
slight asymmetry in the diaphragm opening process, that would in turn lead to poor
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Figure 1. Diaphragm bursting process. An incomplete and nearly axisymmetric petalling of
the plastic layer is attained after approximately 0.35 ms in nominal conditions. The sampling
period is 0.02 ms.
repeatability away from the shock tube axis. The instrument consists of a piezoresistive
pressure transducer (Kulite, model XCQ-062, FS = 1.72 bar) encapsulated in a brass
tube with a diameter of 1.8 mm. The membrane of the transducer is ﬂush mounted on
the probe head; the frequency response of the probe without compensation is about
50 kHz (resonance frequency 175 kHz). Aerodynamic tests in a calibrated nozzle
shows that the probe output is insensitive to ﬂow angle ﬂuctuations as large as ±10◦.
At each measurement station, the probe is mounted on a linear traversing system
to control the radial position of the probe with an accuracy of 0.01 mm. The probe
output (±80 mV-dc), is ampliﬁed by means of a broadband ampliﬁer with a gain
of about 150 over a 2 MHz band. A sampling frequency of 1 MHz is used, to be
compared with the maximum measured frequency of 300 kHz. Additional details on
the facility and instrumentation can be found in Persico et al. (2005).
2.1. Shock tube diaphragm: design and operation
In the present study, shock tube diaphragms have been manufactured using DCﬁxTM
plastic, with a thickness of 0.1 mm. To simplify the experimental apparatus, no
breaking systems were used to force the diaphragm open. Diaphragms are therefore
designed to break automatically under a given pressure diﬀerence. To reduce the
high deformation observed during the ﬁrst experimental trials, the diaphragm has
also been stiﬀened by adding four 0.05 mm thick triangular aluminium plates on the
high-pressure side of the diaphragm.
The opening behaviour of the diaphragm determines the shape of the shock wave
propagating towards the downstream section of the shock tube. Rothkopf & Low
(1974) commented on the use of ductile materials in diaphragm manufacturing,
resulting in a large deformation before the burst and an irregular petalling of
the diaphragm. In the present study, the diaphragm bursting process has been
studied by means of a high-speed camera (up to 50 000 frames per second). Despite
the large initial deformation and the irregular petalling process, the envisaged
diaphragm opening from the centre has been observed and the ﬁnal opened section
is approximately circular (ﬁgure 1). This suggests a shock evolution similar to that
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Case Measurements
d/D N d topen Pburst
- - (mm) (ms) (kPa)
0.7 49 (2) 54–58 ∼0.35 ∼122
0.6 25 (5) 46–50 ∼0.28 ∼105
0.5 19 (1) 38–42 ∼0.21 ∼84
Table 1. Classiﬁcation of diaphragm behaviour from measurements. D and d are the diameters
of the shock tube and of the opened portion of the diaphragm, respectively. N is the number
of experimental runs resulting in an opened portion d included in the interval corresponding
to each case (93 out of 145 runs are in the selected ranges). The diameter d is measured using
a calibre and corrected to account for the plastic deformation of the diaphragm. The number
within parentheses refers to additional measurements (8 out of 15 are in the selected ranges)
performed with the high-speed camera to measure the opening time.
described by Hickman et al. (1975) and Petrie-Repar & Jacobs (1998), who reported
the formation of a normal shock front suﬃciently far from the diaphragm.
However, the diaphragm is found to open incompletely, with an opened diameter
d smaller than 60 mm, namely, 75% of the internal tube diameter. This leaves an
opened section of about 56% of the shock tube cross-sectional area. The opening
times – measured as the elapsed time between the occurrence of the ﬁrst crack in
the diaphragm and the instant at which the ﬁnal dimension is attained – are as high
as topen = 0.35 ms in nominal conditions (d = 56 mm). Note that larger opening
sections (up to 90% of the internal diameter) and smaller opening times (0.07 ms)
than those obtained here have been documented by Gossweiler et al. (1990), thanks
to the adoption of pre-tensioned latex rubber membranes.
To investigate the eﬀects of diﬀerent opening diameters d on the shock tube ﬂow,
1 mm thick metallic disks with circular oriﬁce are added on the low-pressure side
of the diaphragm. These additional plates allowed us to observe opening diameters
ranging from 38 mm (d/D = 0.5 or 25% of the shock tube cross-sectional area) to
63 mm (d/D = 0.8 or 64% of the shock tube cross-sectional area), without the need
to change the material or the manufacturing of the diaphragm. The opening time is
found to increase with d , in accordance with the observations of Rothkopf & Low
(1974). Experimental results are summarized in table 1, where experimental trials are
gathered into three main cases, namely, d/D = 0.5, 0.6 and 0.7, the latter representing
the nominal behaviour. The burst pressure diﬀerence Pburst across the diaphragm is
also found to decrease with d , see table 1, which in turns lead to a decrease of the
expected shock strength. A dimensionless shock strength is used in the following to
compare results from diﬀerent test runs, see §4.1.
3. Flow ﬁeld close to the diaphragm section
In this section the ﬂow ﬁeld features close to the diaphragm section, that is, for
x/D < 10, are studied. To support the interpretation of the experimental results, a
numerical model of the experimental set-up is devised.
The unsteady Euler solver of Guardone & Vigevano (2007) has been used,
assuming negligible viscosity and thermal conductivity and an ideal polytropic, i.e.
constant speciﬁc heats, thermodynamic description of the gas. In accordance with
the observations from high-speed camera recordings, that revealed an axisymmetric
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petalling of the diaphragm, the shock tube is described by an axisymmetric domain.
To avoid the inclusion of a complex structural model of the diaphragm, the diaphragm
dynamic is not taken into account by the numerical model. Numerical simulations are
performed starting from the same initial conditions of the experiment and assuming
that the diaphragm is partially, but instantaneously, opened. The consequences of this
simpliﬁcation are discussed in the following. Numerical results have been computed
over an unstructured grid made of 122 667 triangles (63 976 nodes).
Numerical and experimental total pressure signals along the shock tube axis are
reported in ﬁgure 2 for d/D = 0.7 and P4/P1 = 1.9, with P1 and P4 initial pressure
in the driven and driver sections, respectively. The following dimensionless local and
average shock strengths,
π(t) =










have been introduced, where P t (t) is the total pressure at the measurement point, P t
is the average post-shock total pressure and ρ1 and c1 are the density and the speed
of sound in the unperturbed pre-shock state, respectively.
Relevant diﬀerences between experimental and numerical results are observed for
about 0.35 ms after the arrival of the ﬁrst signal, a time span that correlates to
the measured diaphragm opening time (see table 1). The pressure levels of the
experimental and numerical signals are very similar afterwards. Strong pressure
oscillations are observed in the experiments. The local frequency of these oscillations
is captured well by the numerical scheme, also when the mismatch between the
amplitude of the pressure signals is more evident. The same behaviour is observed
in the case d/D = 0.6 and P4/P1 = 2.1 (ﬁgure 3). In this case, relevant diﬀerences
between the experiments and the simulations are limited to a time span of about
0.1 ms, to be compared with the observed diaphragm opening time of 0.28 ms, see
table 1.
In all considered cases, numerical simulations are found to represent the
experimental results along the axis of symmetry fairly well with the exception of
an initial time interval which can be associated with the diaphragm dynamics, which
is not modelled in the simulations.
The agreement between the numerical and experimental results allows us to use the
former, which provide a more complete description of the instantaneous ﬂow ﬁeld, to
explain the latter. For this purpose, a numerical simulation of the experiment close
to the diaphragm section has been performed over an unstructured mesh made of
430 575 triangles (216 757 grid points) and considering a reduced shock tube length
L = 1.2 m, or L/D = 15, centred at the diaphragm location. The (uniform) grid
spacing at the diaphragm section is 0.1 mm, or 1.25 × 10−4 D. The pressure ratio
P4/P1 is 2.068, which corresponds to the case d/D = 0.6 (d = 48 mm).
In ﬁgures 4–7, isobars and isopycnics of the simulated shock tube experiment are
shown at times t = 43, 65, 195 and 293 µs, respectively. When the diaphragm is
partially (but instantaneously) removed at time t = 0, a rarefaction wave moving
towards the high-pressure section of the shock tube (the left-hand side of ﬁgure 4) is
formed, together with a shock wave and a contact discontinuity moving towards the
low-pressure section (right). Initially, these waves are planar and normal to the shock
tube axis. At time t = 43 µs (ﬁgure 4), shortly after leaving the diaphragm section,
the right-running shock wave partially diﬀracts to form an annular shock wave,
indicated in ﬁgure 4 as diﬀracted shock. A portion of the initial shock wave remains
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Figure 2. Total pressure measurements (—) past the partially opened shock tube diaphragm
with d/D = 0.7 and P4/P1 = 1.9, against numerical simulations (· · ·) with the axisymmetric
Euler code. (a) Probe located in the ﬁrst position (250mm, about 3D downwind of the
diaphragm). (b) Probe in the second position (450mm, about 6D downwind of the diaphragm)
along the shock tube driven section. The diaphragm opening time 350µs is indicated in both
the frames.
unchanged and moves as a planar shock, labelled as normal shock. The expansion at
the diaphragm edge results in a rarefaction wave moving towards the shock tube axis.
The rarefaction wave is faster than the leading normal shock and eventually collides
with the shock itself. A similar wave system, with rarefaction instead of compression
waves and vice versa, is formed in the high-pressure section. Flow separation occurs
at the diaphragm edge. The slip surface from the diaphragm edge rolls up into
an annular vortex. This is a well-known process that has already been observed
in two-dimensional shock wave diﬀraction by Sun & Takayama (2003). At time
t = 65 µs (ﬁgure 5), the diﬀracted portions of the initial shock and rarefaction
waves are reﬂected by the tube walls. At later times, the rarefaction wave and the
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Figure 3. Total pressure measurements (—) past the partially opened shock tube diaphragm
with d/D = 0.6 and P4/P1 = 2.1, against numerical simulations (· · ·). The probe is located at





























Figure 4. Isobars (top) and isopycnics (bottom) at time 43 µs for d/D = 0.6 and
P4/P1 = 2.068.
compression wave centred at the diaphragm edge reﬂect at the tube axis. Moreover,
the reﬂected shock interacts with the vortex and the contact surface, resulting in
additional waves reﬂecting along the shock tube.
At time t = 195 µs (ﬁgure 6) the rarefaction wave, originally centred at the
diaphragm edge and then reﬂected at the tube walls, collides with the leading shock
resulting in a further reduction of the shock intensity. The wave propagation pattern
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Figure 6. As ﬁgure 4, but for t = 195 µs.
is similar to that of a spherical wave, which would actually occur for d/D → 0. In
accordance with this observation, the angle between the shock and the wall increases
in time, starting from 0◦ at the ﬁrst reﬂection (cf. ﬁgure 4). The reﬂection pattern
eventually evolves into a lambda shock, which is clearly observable in ﬁgure 6. The
slip line undergoes a Kelvin–Helmholtz instability, which manifests itself as ripples
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Figure 7. As ﬁgure 4, but for t = 293 µs.
in the isopycnics corresponding to secondary vortexes. These vortices are visible in
the pressure ﬁeld as local perturbations moving past the leading vortex. These small
annular vortices are expected to trigger three-dimensional instabilities, eventually
resulting in transition to turbulence. In this case, the velocity gradient across the
slipstream would be signiﬁcantly reduced by turbulent momentum transport. The
occurrence of such a three-dimensional viscous ﬂow ﬁeld cannot be predicted under
the axisymmetric (two-dimensional) inviscid approximation considered here. However,
Sun & Takayama (2003) showed that an Euler computation is usually suﬃcient for
the evaluation of both the intensity and the dynamic of the leading vortex.
In the high-pressure case considered by Petrie-Repar & Jacobs (1998), associated
with a complete but not instantaneous opening of the diaphragm, the interaction
of the shock front with the contact surface was shown to be very relevant. In that
case, a small diﬀerence between the propagation speed of the shock and that of the
contact surface was observed and the reﬂected portion of the shock was signiﬁcantly
weakened owing to the interaction with the contact surface. In the present case, the
post-shock Mach number is about 0.15 and a complex shock wave reﬂection pattern
is formed which is only weakly inﬂuenced by interaction with the contact surface.
This observation allows us to explain why post-shock pressure oscillations are more
intense in low-pressure shock tubes than in their high-pressure counterparts. The
large diﬀerence between the propagation speed of the contact surface and that of
acoustic waves can be appreciated by considering ﬁgure 7, where the ﬂow ﬁeld is
shown at t = 293 µs. Moreover, two lambda shocks are clearly visible in ﬁgure 7. The
ﬁrst is located along the tube walls and results from the ﬁrst reﬂection of the leading
shock. The second lambda shock occurs at the axis of symmetry and originates from
the focusing of the ﬁrst reﬂected shock, a mechanism that has been studied in detail
by Barkhudarov et al. (1991). The following reﬂections at the tube walls and at the
axis are of the regular type. The results reported in ﬁgures 4–7 allow us to explain
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Figure 8. Enlarged view from ﬁgure 2(a). Measurements (–) against the numerical
simulations (· · ·) and the one-dimensional results (− − −) corresponding to a complete opening.
the diﬀerences between the measured signals in ﬁgures 2 and 3 and the expected step
signal, corresponding to a normal shock wave propagating along the tube as the result
of an instantaneous and complete opening of the diaphragm. The ﬁrst pressure peak
is due to the arrival of the ﬁrst shock front, that is followed by a system of rarefaction
waves which alternate with reﬂected shocks. Therefore, the measured total pressure
at the tube axis exhibits an oscillating proﬁle around an average post-shock value,
as discussed in §4.1. In ﬁgure 8, a detailed view of the signal in ﬁgure 2(a) is shown.
With reference to ﬁgure 7, the ﬁrst peak in the total pressure proﬁle is due to the ﬁrst
shock wave, whose intensity is reduced with respect to the expected one-dimensional
value owing to the interaction with the ﬁrst rarefaction wave system centred at the
diaphragm edge (see ﬁgure 4). The pressure is then reduced owing to the arrival of
the portion of the rarefaction wave that has not yet coalesced into the ﬁrst shock.
Then, the pressure rises again owing to the arrival of the lambda shock at the tube
axis. Further shock reﬂections, being of regular type and very weak, result in the
pressure oscillations around the average post-shock total pressure Π . Therefore, the
value of Π is determined by the contributions of the leading and axis lambda shocks
only. It is remarkable that the aforementioned three-dimensional ﬂow features are
clearly visible along the shock tube axis (see ﬁgure 8) thus increasing the conﬁdence
in the representativity of the numerical simulations, that have been validated using
total pressure measurements along the shock tube axis only.
A ﬁnal commentary on the above results concerns the diaphragm opening time.
In the case discussed above (d/D = 0.6), high-speed camera recordings give topen =
280 µs (see table 1), which is larger than the time levels t = 43 , 65 and 195
µs shown in ﬁgures 4–6. However, as discussed at the beginning of the present
section, the approximation of assuming an instantaneous opening of the diaphragm
results in diﬀerences between numerical predictions and experimental observations
that are limited to a time span that is comparable with topen . In the next section,
experimental observations far downstream of the diaphragm section are used to show
that the complexity of the ﬂow ﬁeld close to the diaphragm, including the wave
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Figure 9. (a) Total pressure measurements (—) with d/D = 0.7 and P4/P1 = 1.9, against
numerical simulations (· · ·). The probe was located in the third position (970 mm, about 12D
downwind of the diaphragm). (b) Probe located at the fourth position (1650 mm, about 20D
downwind of the diaphragm).
reﬂection pattern and the diaphragm dynamics, is lost owing to the coalescence of
the ﬁrst waves into a single shock front.
4. Distant ﬂow ﬁeld features
The focus of the present section is to study the eﬀects of the partial diaphragm
burst at measurement stations suﬃciently distant from the diaphragm itself. Figure 9
reports the experimental and numerical signals at two measurement stations located
at x/D = 12.125 and 20.625, respectively. The pressure signal is characterized by
an initial step, which heralds the arrival of a single shock front at the measurement
station, followed by the pressure disturbances described in the previous section. The
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Figure 10. Computed representative ﬂow ﬁeld (isobars, top, and isopycnics, bottom) at time
t = 2.22 ms in the region 8.75 < x/D < 10.6, for d/D = 0.7. Dashed lines are added to
identify the system of compression–rarefaction waves past the shock front.
total pressure oscillates around a post-shock value which is found to be constant in
time and not to depend on the axial distance from the diaphragm, see §4.1.
The agreement between the experiments and the numerical simulations is very good
in terms of both the post-shock pressure level and the local frequency of post-shock
oscillations. The amplitude of the oscillations in the numerical signal is slightly lower
than the experimental value in ﬁgure 9(b), possibly because of numerical damping
which becomes more evident as the distance from the diaphragm increases.
In ﬁgure 10, pressure and density contours from simulations are shown in the region
8.75 < x/D < 10.6. Suﬃciently far from the diaphragm section, a single normal shock
front is observed, that is followed by a system of rarefaction and compression waves
that propagate as acoustic waves. The ﬂow ﬁeld is very simple if compared to that
observed close to the diaphragm section. In the following, this regime will be referred
to as the distant ﬂow ﬁeld.
The occurrence of such a simple ﬂow ﬁeld can be explained as follows. As it moves
towards the low-pressure section of the shock tube, the diﬀracted portion of the shock
wave (see ﬁgure 5) becomes planar and normal to the shock tube axis, similarly to
what is observed in the propagation of a spherical wave, in which the local curvature
of the wavefront decreases as the distance from its centre increases. An almost planar
shock is therefore eventually formed; the small curvature of this wave accounts for
the formation of the two systems of reﬂected compression/rarefactio waves shown in
ﬁgure 10, that are symmetric with respect to the shock tube axis and generate the
oscillatory (compressive-rarefactive) behaviour of the pressure signal measured by a
stationary observer past the leading shock wave.
Remarkably enough, all details depending on the diaphragm opening dynamics
are lost in the distant ﬂow ﬁeld. Owing to the higher temperature and ﬂow velocity
in the compressed gas, post-shock waves move faster than the leading shock and
eventually coalesce into the single shock front depicted in ﬁgure 10. Therefore, the
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assumption of considering an instantaneous diaphragm burst in the simulation does
not introduce any relevant error in the prediction of the distant ﬂow ﬁeld. Therefore,
we can conclude that in the distant ﬂow ﬁeld, deviations from the step signal expected
from one-dimensional theory are limited to the strength of the leading shock, to be
discussed in §4.1, and to the occurrence of post-shock oscillations, which are the
subject of §4.2.
4.1. Intensity of the leading shock wave
The distant ﬂow ﬁeld is characterized by the occurrence of a normal shock front of
constant strength whose intensity is signiﬁcantly lower than that expected from the
one-dimensional theory – corresponding to a complete and instantaneous opening of
the diaphragm. The shock strength reduction results from the nonlinear interaction
of the initial normal shock front with the complex wave ﬁeld described in §3. In
particular, with reference to ﬁgures 7 and 8, the post-shock pressure level is determined
by the ﬁrst compression–rarefaction wave system – resulting from the interaction of
the initial shock wave with the rarefaction wave originated at the diaphragm edge
(cf. ﬁgure 4) – and by the lambda shock at the axis of symmetry. As a consequence,
an analytical estimation of the shock strength in the distant ﬂow ﬁeld is very diﬃcult.
The analytical models of (Chisnell 1957; Alpher & White 1958; White 1958), and
Nettleton (1973), which were devised to determine the shock attenuation in shock
tubes with area change, were tentatively applied to the present case to compute
the strength of the shock diﬀracting from the reduced diaphragm area πd2/4 to the
internal shock tube cross-sectional area πD2/4. However, all these models signiﬁcantly
over-predict the reduction of the shock intensity measured in the present experiment.
This is possibly due to the interaction with the corresponding diﬀraction process of
the rarefaction wave propagating towards the high-pressure section. The cited models
rely on a quasi-one-dimensional representation of the ﬂow whose analytical solution
is obtained via characteristic reconstruction in simple wave regions. In the present
problem, the rarefaction wave centred at the diaphragm edge, that is generated by the
diﬀraction of the leading shock, interacts with the corresponding compression wave
on the high-pressure side of the diaphragm. This results in non-simple wave regions
even in the quasi-one-dimensional approximation, thus making the development of
an analytical tool unfeasible.
To provide a quantitative measure of the shock intensity, a non-dimensional shock
strength Π/Π1D was considered, where Π1D is the one-dimensional shock strength.












is also shown. The functional form (4.1) has been devised from dimensional
considerations; the shock intensity is assumed to depend only on the ratio of the
area of the opened portion of the diaphragm a = πd2/4 to the internal shock tube
cross-sectional area A = πD2/4. The very good agreement between numerical and
experimental results in ﬁgure 11 supports this hypothesis and conﬁrms that the
diaphragm dynamics play a negligible role in shock attenuation. A simple power law
in the form (Π − Π1D)/Π1D = (1 − a/A)α was therefore considered; α = 3 in (4.1)
provides the best ﬁt to experimental and numerical data. Note that Π = Π1D for
d = D, that is, for a complete opening, and that Π = 0 for d = 0.
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Figure 11. Reduction of shock strength as a function of the diaphragm opening section.
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Figure 12. (a) Fourier transform of total pressure signal at measurement station x = 0.97 m
(x/D = 12): experimental (—) and numerical (· · ·) results for d = 56 mm (d/D = 0.7) in the
(ideally constant) post-shock region. The limiting frequencies f∞ = (u + c)/D and the local
frequency of the ﬁrst wave are also indicated. (b) Fourier transform of total pressure signal at
measurement station x = 1.65 m (x/D = 20).
4.2. Post-shock pressure disturbances
In this section, post-shock pressure disturbances are studied. To this purpose, a simple
model for the generation and the propagation of the pressure oscillation is proposed
and veriﬁed against the numerical and experimental results. The dependence of the
amplitude of the pressure ﬂuctuations on the axial coordinate and on the relative
area of the opened portion of the diaphragm is also investigated.
4.2.1. A simpliﬁed model for shock propagation
Further inspection of the instantaneous pressure and density ﬁelds in ﬁgure 10
reveals that the spatial separation between two successive compression or rarefaction
waves increases with the distance from the leading shock. At a given measurement
location, this results in a reduction of the local wave frequency of the pressure
oscillations past the shock wave. Therefore, in the frequency domain, the measured
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Figure 13. Wave reﬂection scheme at intermediate distance from the diaphragm.
pressure signal is characterized by a wide spectrum of disturbances with respect to
the theoretical step proﬁle, which in our experiments ranges from about 5 kHz to
about 15 kHz. This can be appreciated in ﬁgure 12, where the amplitude spectra of
the pressure signal past the leading shock are shown for x/D = 12 and 20.
To explain the dependence of the local frequency on time and on the axial
coordinate of the measurement station, a simpliﬁed model for wave propagation
is now introduced. In the model, the leading shock wave W0 is represented by a
spherical wave propagating at speed σ0 from the origin S0, which is located along
the tube axis at the diaphragm section. The ﬁrst wave reﬂection at the tube walls is
accounted for by introducing a suitable image spherical wave W1 centred at point S1,
which is located at a radial distance D from S0. The j th reﬂection is then accounted
for by introducing the corresponding image wave Wj , centred at point Sj located at
a radial coordinate (−1)j jD, and moving at speed σj , which is assumed here to be
equal to the acoustic wave speed u + c, with u and c post-shock values of the ﬂow
velocity and speed of sound, respectively. Figure 13 depicts the wave system obtained
from the model after four reﬂections, to be confronted with the distant ﬂow ﬁeld in
ﬁgure 10.







(u + c) sinαj
,
where αj = arctan(L/jD). As L increases, the curvature of the leading wave reduces,
in accordance with the numerical observations. From the expressions above, the local
frequency fj can be computed as the inverse of the time span between two successive






The frequency f∞ is the limiting local frequency of the pressure perturbations and
it is indicated in ﬁgure 12, where the local frequency of the ﬁrst post-shock wave
fmax is also shown. The local frequencies of the post-shock disturbances – obtained
either experimentally or numerically – are found to be bounded by these two limiting





(j + 1)2 + l2 +
√
j 2 + l2
]
= f∞φ(j, l),
where l = L/D is the dimensionless distance from the diaphragm. The local frequency
fj depends only on the limiting frequency f∞ and on the axial position. To account
for the coalescence of j > 0 waves into the leading shock W0, the propagation velocity
σ0 is taken as the measured shock speed, whereas the wave speed σj for j > 0 is the
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Figure 14. Local frequency fr = f/f∞ of post-shock waves as a function of the wavenumber
j for diﬀerent axial positions. The limiting wavenumbers jmin are indicated for the wave Mach
numbers MW0 = 1 (), 1.12 (©, nominal conditions), 2 (), 3 () and 6 ().
acoustic wave speed u + c, as discussed above. All waves for which tj < t0 = L/σ0
are therefore neglected, since they correspond to waves that coalesced into the shock
front. The limiting value jmin , such that tjmin+1  t0, of the ﬁrst wave is therefore easily
obtained as






and corresponds to the maximum local frequency past the leading shock, fmax . Note
that the value of jmin depends on the axial coordinate l as well as on the values u,
c and σ0, which in turn depend only on the pressure ratio P4/P1 or, equivalently,
on the shock Mach number MW0 = σ0/c1. In ﬁgure 14, the reduced local frequency
fr = f/f∞ of post-shock waves is reported as a function of the wavenumber j . Curves
are parameterized with the axial positions L/D. These curves are independent of the
leading shock Mach number, which inﬂuences only the value of jmin that is indicated
along each curve for diﬀerent values of MW0 .
For all the axial positions, the local frequency is found to decrease with increasing j
or, equivalently, in time, see ﬁgure 13. For a given wavenumber j , the local frequency
increases with the distance from the diaphragm section. Indeed, the radius of curvature
of the waves increases with L and hence the spatial separation between two waves
decreases, as in ﬁgure 13, thus resulting in an increase of the local frequency. For
a given shock Mach number MW0 , the maximum reduced frequency is found to be
almost independent of the axial coordinate l, but for the case MW0 = 1. At high wave
Mach numbers, it is also independent of MW0 and equal to about 1.6. On the contrary,
the value of jmin strongly depends on l and shows almost no dependence on the wave
Mach number for MW0 > 2.
The dependence of the local frequency on time cannot be appreciated in ﬁgure 14,
which is obtained by a Fourier analysis of the whole experimental and numerical
signal. In ﬁgure 15, time-frequency analyses of the pressure signal at diﬀerent
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Figure 15. Time-frequency analysis of the post shock plateau for stations (a) x/D = 6,
(b) x/D = 12, (c) x/D = 20 and (d) x/D = 35. d/D = 0.7.Isolines of the amplitude of the
pressure signal for experimental (B/W ﬁeld) and numerical (white isolines) data. Results from
the analytical model are represented with a line (– · –), since the model does not give any
amplitude indication.
measurement stations is reported.In the plots, results from the proposed model are also
drawn.The time span for the calculation of the amplitude spectra is 875 µs, a value
which includes the overlap between adjacent intervals(50%). The proposed model
predicts fairly well the local frequency corresponding to the maximum amplitude
of post-shock oscillations. Unfortunately it does not provide any indication of the
intensity of pressure disturbances, since it is based on the acoustic theory. Nevertheless,
experimental and numerical results in ﬁgure 15 indicate that the average amplitude of
the oscillations is decreasing with the axial position, as discussed in the next section.
4.3. Amplitude of the post-shock oscillations
To provide a quantitative measure of the amplitude of post-shock pressure
disturbances at diﬀerent measurement stations and for diﬀerent opening diameters,
the mean harmonic energy (MHE) introduced by Persico et al. (2005) is used here.


















and it is proportional to the energy content of the pressure perturbations in the
frequency range of interest, which from experiments and simulations is about 4–
15 kHz (see ﬁgure 12). The average elapsed time between the leading shock and
the arrival of the reﬂected expansion wave is tˆ = 7.4 ms; accordingly, a frequency
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Figure 16. (a) MHE as a function of the axial distance from the diaphragm section for
d/D = 0.7. Experimental () and numerical (—) results. (b) Experimental results for d/D = 0.5
(), d/D = 0.6 (♦), d/D = 0.7 ().
resolution f = 1/tˆ of 135 Hz is used. The MHE is computed from the lowest
frequency of f1 = k1f = 4.05 kHz (k1 = 30) to f2 = k2f = 14.985 kHz (k2 = 111).
If the shock is not completely formed at the considered measurement stations, a
high-pass ﬁlter is used to remove the transient portion of the signal corresponding
to the pressure shock from P1 to P t . In the deﬁnition (4.2), Nf = k2 − k1 = 81
and the number of sample points is Np = fs tˆ = 7400, with fs = 1 MHz sampling
frequency.
In ﬁgure 16(a), the computed and measured values of MHE in the nominal
conﬁguration are reported for all ﬁve axial distances considered in the experiments.
Five to ten experimental runs were used to evaluate the average value of the MHE at
a given measurement station. The experimental and numerical results are signiﬁcantly
diﬀerent only at distances higher than x/D = 20, where the numerical dissipation of
the scheme is larger owing to the use of a coarser grid far from the diaphragm.
The amplitude of pressure oscillations decreases as the distance from the diaphragm
increases. A large decrease of the value of the MHE is observed for 3 < x/D < 10,
where the ﬁrst (strong) shock reﬂections start coalescing into the leading shock. The
rate of reduction is signiﬁcantly lower between x/D = 10 and x/D = 40, where
the main source of attenutation is viscous damping. Note that the larger amplitudes
are concentrated into the highest frequencies – which corresponds to perturbations
immediately following the leading shock – at measurement stations close to the
diaphragm (see ﬁgure 9(a)). On the contrary, the amplitude is almost constant for
all frequencies at larger distances (ﬁgure 9(b)). The above can be appreciated more
clearly in the time-frequency plots in ﬁgure 15.
In ﬁgure 16(b), the inﬂuence of the opening diameter d/D on the value of the
MHE is reported. The value of MHE at each measurement station is observed to
increase as the opening portion of the diaphragm is reduced. Indeed the portion
of the shock wave that is diﬀracted at the diaphragm edge – which accounts for
the formation of post-shock disturbances, see ﬁgure 4 – decreases with d/D and
tends to zero as d/D tends to 1. In the cases d/D = 0.5 and d/D = 0.6, viscous
damping is no more negligible, in particular in determining the dynamics of the slip
line, and the inviscid-ﬂow simulations are no longer suitable for describing the ﬂow
physics.
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5. Conclusions
Experimental and numerical studies were carried out to investigate the ﬂow ﬁeld
resulting from the incomplete burst of a shock tube diaphragm. The partial opening
of the diaphragm causes the reduction of the shock intensity and the appearance of
post-shock pressure oscillations.
Close to the diaphragm section, a complex wave ﬁeld is generated as the leading
shock wave diﬀracts from the diaphragm oriﬁce. The diﬀracted portion of the shock
is reﬂected at the tube walls and interacts with the annular vortex shedding from
the diaphragm edge. A system of compression and rarefaction waves is formed, thus
resulting in pressure oscillations past the leading shock.
Suﬃciently far from the diaphragm, a single shock front is formed and reﬂected
shocks and rarefaction waves simplify to acoustic disturbances whose local frequency
has been studied by means of an analytical model. The resulting ﬂow ﬁeld is found
to be independent from the peculiarities of the diaphragm dynamics, since all initial
perturbations eventually coalesce into the leading shock wave. The local frequency
of the pressure oscillations is found to decrease in time at a given distance from
the diaphragm and to increase with the distance from the diaphragm. The lowest
limiting frequency is found to be independent of the axial coordinate and to be
approximatively equal to the ratio of the acoustic speed u + c in the post-shock
region to the shock tube diameter. The highest limiting frequency depends instead
on the axial coordinate and on the wave Mach number. The amplitude of post-
shock pressure oscillation is found to decrease as the distance from the diaphragm is
increased, and to be inversely proportional to the diameter of the opening section of
the diaphragm.
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